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Abstract

A

radioactive isotopes produced at the

We report on the lattice location of low-fluence implar@d 1241n in single-crystalline 3C-SiC
by means of the emission channeling technique us

ISOLDE/CERN facility. In the sample implanted at room temperature to a fluence of

substitutional Si sites, with the remaindet?ocgupying sites of low crystallographic symmetry,

4x10'2 ecm™, 60(9)% of the In ati“emhd slightly displaced (0.12-0.20 A) from

the so-called ‘random’ sites. For b\ plantation, the substitutional In fraction increased
to 72(8)% and the displacw‘\\:m ideal substitutional Si sites were reduced to those

expected for the lattice vibrations. €Chese results, in terms of lattice location and disorder, are

compared to those on@ted group IV semiconductors silicon and diamond.
£
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I. Introducti D

£

rbid,e’ is a wide band gap semiconductor which, due to its electrical and thermal

Silicon
—

stability, 4s
“appli
semiéonductors, are the facts that both n- and p-type doping are possible, that ion implantation

itable for high power, high voltage, high frequency and high temperature

ions [1-3]. Among the advantages of SiC in comparison to most other wide gap

S i successful in the introduction of dopants, and that SiC possesses SiO2 as passivating native

oxide. All of these characteristics are shared with conventional Si technology. While doping
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Publishing during growth allows producing homogeneously doped SiC bulk substrates or epitaxial layers,
ion implantation is widely used to create thin doped layers in SiC devices [4]. A particular
drawback of ion implantation into SiC is that it requires high-temperature annealing in order
to remove implantation defects and electrically activate the dopants. While process simulators
are being developped in order to predict the electrical activation of implanted dopants as a
function of chosen annealing procedure in SiC, such tools Z still based on a
phenomenological approach without detailed understanding of e@%g microscopic
processes [5]. On the other hand, in Si technology, which is much mere advanced, detailed
models of the kinetics of radiation damage on a microscopi I%I are'beginning to play a role
in process simulation for industrial applications [6].

For the n- or p-type doping of SiC, elements of the VA'or IHA*froup of the periodic table are

used, respectively. Due to the deep-level rel d‘ issues“with boron mentioned below,

aluminium is the most commonly used p-type dopan Wh) for n-type doping nitrogen or, less
frequently, phosphorus is used as dopant. It 1?%&2? assumed that the size of the dopants in
comparison to Si and C defines their preferr\kkpo itions inside the SiC lattice; thus Al and P
should substitute for Si lattice atoms whi MM replace C [7-9]. This site preference is

underlying the approach, as describe },uletgﬂ by Larkin et al. [7], of choosing Si- or C-rich
\Qﬁ inder incorporation of site-specific dopants during
ime

ntal data, however, on the lattice location of dopants in

growth conditions in order to fac

SiC epitaxial growth. Direc
SiC are quite scarce, although they ate crucial in order to understand their properties as dopants.
This is illustrated b he% of the lattice sites of boron, which, initially, from electron
paramagnetic res ancg ( studies, was reported to occupy the C-site [10]. However, later
studies also based o PRAesults, concluded that the B dopants were incorporated mainly in
substitutio %\[l 1]. Theoretical considerations [9, 12], on the other hand, suggest that
both sites ssible but result in shallow (Bsi) or deep acceptors (Bc), respectively, although

for the deep B aceeptor more complicated models have also been proposed.
cof t 'séles that complicates the practical use of SiC is the relatively large dopant
'i? i atiorbenergies, in particular for the acceptors. Therefore alternative dopants or doping
procsdures that introduce shallow levels with low ionization energies are highly desirable [9]
ave been actively explored. Ga doping of 4H-SiC by means of ion implantation has
w recently been addressed using electrical characterization methods as well as density functional

theory [13]. For that element, previous Rutherford Backscattering Spectroscopy/Channeling

(RBS/C) experiments had shown its substitutional incorporation on Si sites in 6H-SiC,
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following room temperature ion implantation at the very high fluence of 5x10'> ¢m™ and
annealing at 1200 °C [14]. There exists very little experimental information with regards to
indium doping of SiC. From the theoretical point of view, Miyata et al. [15] investigated the
ionization energies of several substitutional group II, III, V and VI impurity atoms in 4H-SiC.
For In the calculations suggest that this element should be an acceptor ith ionization levels
as deep as the Al ones. While In was discussed briefly in the review JngL‘ebedev ], the
author stated that it was not possible to obtain p-type SiC from d 1n ith It during crystal
growth. An early attempt [16] on ion implantation doping of 3C= nd -SiC found no p-type
conduction when In was implanted at room temperature but we k p-type behaviour could be
achieved in 6H-SiC when the implantation was perfo a SW’C These authors, from
RBS/C studies, also reported high fractions of substitutional In @llowing annealing at 1200 °C,
although no distinction could be made between In@Si or C'sites.

In the present contribution we present a latticwz)agudy of the low-fluence implanted
radioactive isotope !*!In in 3C-SiC by me of the emission channeling technique. The
preference of In for substitutional Si sites 1s uously established and no other highly-
symmetric lattice sites appear to be ccup . Our results show that most In atoms are already
incorporated close to substitutional Sy s1 S-Qurlng room temperature implantation, although
their root mean square displace the ideal Si sites indicates the presence of nearby
defects. Increasing the 1mpla mperature to 600 °C and above results in In incorporation
on ideal substitutional Si sites. Th ttice location and defect situation found in this work for

SiC are compared to mpla ed in the group IV semiconductors silicon and diamond.

IL. Experlment

The lattic 10 ion 0 he radioactive isotope *In implanted into a 3C-SiC single crystal was
investi ated means of the emission channeling (EC) method [17, 18]. This technique is

based

_—
radioactive probe atoms are embedded in single crystals. For that purpose, the '**In beams at

ée o}wservation of the anisotropic intensity patterns of emitted 3~ particles when the

“CGERNs on-line isotope separator facility ISOLDE were used, which provides mass-separated

and élemically clean beams of radioactive isotopes [19-20]. '**In was produced by fission of

w y\lranium carbide UC: target induced by 1.4 GeV proton beams from the CERN PSB, followed

by chemically selective laser ionization and electromagnetic mass separation. The mass 124
beams actually consisted of a mixture of 73% '?*In (#12=3.17 s) in its ground state and 27% of

isomeric '2™In (¢12=2.4 s), with both '?*In states decaying to the stable isotope '>*Sn by means
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of B~ emission. Since both 2In and '**™In are short-lived isotopes with half-lives of a few
seconds only, all EC measurements were performed on-line with implantation and
measurement taking place simultaneously, first at room temperature (RT) and subsequently at
elevated temperatures, in vacuum better than 10~ mbar. Measurements at temperatures up to
800 °C were made possible by the use of an aluminated mylar foil in f nt of the Si position-
sensitive electron detector, which shielded it from the light emitted b th. owmg sample.

An undoped single-crystalline 3C-SiC sample (Hoya Corporationf]apa Wlth 100> oriented
surface was used. The implantation current of 50 keV !>*In Was a beam spot of 1 mm
diameter, corresponding to a fluence rate of 4.8x10% cm2/ thﬂ)otal implanted fluence at the
end of the experiment was ~1x10'3 cm™2. SRIM [21] sinfutation :ﬁa Gaussian implantation

profile with projected range, straggle and peak concentr ion 0?)232 A, 61 A and 6x10' cm™3,
respectively, and that each implanted In ion p duces..gpprommately 800 vacancies and

interstitials. &2
An overview of the major lattice sites in th%:\ui\:fxc- iC structure is shown in Fig. 1. In order

to quantitatively analyze the experi&n&l(\ta, theoretical 3~ emission patterns were
ithi

calculated for a large variety of site 3C unit cell, including all of the substitutional

and interstitial sites specifically 'ndic\’% in Fig. 1, but also for displacements along <111>,
<100> and <110> axial dire ti(& etween the major lattice sites. Simulations were also

\c[hﬁ: isotropically displaced around substitutional Si and C

performed for emitter atoms
ility distributions of root mean square (rms) values from 0.04-0.5 A.

2,li,(:’;lﬁ'nission patterns used the “many-beam” approach [17-18]. The

fact that the pr bebedm consisted of a mixture of '24In nuclei in two states with different p-

energy spec [’%1: nergies Epmax(12*In)=6227 keV and Egmex("**Iny=4843 keV, average B~
3’1 keV and <Ep>('2*In)=1609 keV] was taken into account when performing

sites with Gaussian pr.

The calculation of theo

the m y—b/ea imulations. The resulting normalized theoretical emission patterns, ymeo(3, ),
where nd ,{5 denote polar and azimuthal angles from the axis, were smoothed using a
ssian 1dth of 0=0.1° to account for the contribution to the angular resolution from the

1 meter beam spot on the sample. Details on the experimental conditions, the
]5beam simulations, the approach to the fitting process and the correction procedure for
background of scattered B~ and y particles are provided in our previous publication on lattice

location of transition metals in 3C-SiC [22].
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{110}plane in 3C-SiC
zincblende lattice

Ssi, Sc: substitutional
ABg;, AB¢: anti-bonding

BC: bon(gizénter
H: hexag@n
Cq, Cedl "-%S%v symmetry)
Tgi, Té& tetrahedral'interstitial

Yqi, dYc: " or "Yb"-sites
DS, DS <¥10>-displaced from

| P% Poisplit <100>
K
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)

FIG 1. Cross-section through the 3C-SiC zincblende unit cgulon {110} plane showing the Si and C lattice
positions and the main interstitial sites. Note that along*K\I}li_d' ection the substitutional (Ssi and Sc) and

tetrahedral interstitial (Tsi and T¢) sites are all locate@d on the same row; along the <100> direction Ss; is on the
same row as Tc while Sc is on the same row as Ts;!

\
II1. Results and discussion \

The two-dimensional patterns indFig 2 -(bhhow the angular dependence of the measured 3~
emission yields in the vicinit o&i\w and <211> directions of the 3C-SiC sample during
\e‘hst for these two crystallographic directions each of the
positions inside the ¢ sﬂ’Nﬁ(‘:e shown in Fig. 1 results in a characteristic emission pattern

4.3596 A

— > A
‘\
A4 e
aSd T§ A
v

600 °C implantation of '?*In.

with distinct anisotropiesiand thus allows for the unambiguous identification of the occupied
lattice sites. Th hat prominent channeling is observed along the <110> and <211> axes
and the closeésgﬁ nes {110}, {111} and {100} is clear evidence that the majority of In

probes a l@ted om“substitutional sites. Visually comparing the experimental <110> and

<211>fpatterns with the corresponding simulated patterns for 100% of '?*In on ideal Ssi sites

tch, irspa icular for the relative intensity of planar channeling effects. A quantitative
“analysis, Which unambiguously identifies the major lattice site as well as providing insight into

ossble minority sites, is achieved by fitting the experimental patterns with linear

\ meinations of theoretical patterns, as is outlined below.
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FIG 2. (a)-(b) Experimental '?In B~ emission patterns aroun tﬁ?;l.lo> <211> axes of 3C-SiC during 600 °C
implantation. The theoretical patterns for 100% of '**In gn the.i suibstitutional Si sites (Ssi) (c)-(d) and ideal

substitutional C sites (Sc) (e)-(f) sites are shown for compati

n 4t

Figure 3(a)-(d) and (i)-(1) show the B~ en%{&on ields measured around all four directions
<100>,<110>,<111>and <211> duringkh@!‘yﬁeo °C implantations, respectively. While the
1§sion
~

maximum anisotropy of the electro ields increased by 35-60% between RT and
600 °C implantation, no other changes are directly obvious in the patterns. In order to
identify and quantify the m: Haks s, initially only single fractions on ideal lattice sites
were considered when fitting the,experimental patterns. This confirmed that indeed the
majority of emitters e’lcﬁfi close to the substitutional Si site (Ssi) at both implantation

temperatures. In

ext st investigated possible displacements of the '?*In probe atoms
from the ideal Ssi siteby a}(owing for displacements along <111>, <100> or <110> directions

towards in

;ﬁia ites. In case of RT implantation such displacements up to 0.2 A clearly
e

1 square of fit but the improvements were of similar value irrespective of the

dir}ctio f displacement. Correspondingly the same improvements in quality of fit

higved if, instead of displacements along specific crystallographic directions,

amplitudes u1 were considered. The best fit rms displacements u1 from ideal Ssi sites were

ttSred around 0.12-0.20 A for RT implantation but were considerably smaller (0.07-0.11 A)
following 600 °C implantation, cf Fig. 4. The corresponding best fits to the experimental patterns
have been included in Fig. 3, yielding 60(9)% on Ssi for RT [Fig. 3(e)-(h)] and 69(4)% for 600 °C

implantation [Fig. 3(m)-(p)].
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Next, the possibility for more than one regular site being occupied was explored by fitting the
experimental data with a linear combination of the theoretical patterns from Ss;i plus a second
site. Although In probes on substitutional carbon sites Sc as well as tetrahedral interstitial Si-
coordinated (Tsi) or tetrahedral interstitial C-coordinated (Tc) sites were of special interest, the
fitting procedure was also carried out for all of the other sites for which the channeling patterns
were simulated. However, the improvements in fit quality were nj‘

?h%::nt and/or the
fractions resulting from fits of different directions were not consisent. For example, while the
er ¢

combination of (Ssi+Sc) sites improved the > of fit by a fe t, the small resulting

fractions on Sc sites were positive for the fits of the <211> at@ls butmegative in case of the

<110>, leading to the conclusion that the possible fractighs.o o‘r;?é‘gular sites other than Ssi

are at maximum in the few per cent range. This is in ontras‘) to the case of the implanted

transition metals Mn, Fe and Ni, where we have fm@clarge
in 3

@ [22] and in 6H-SiC [23]. Note that

ctions on tetrahedral interstitial

Tc sites in addition to substitutional Si sites, bo
substitutional Ssi fractions for '**In are below, 100%,; i.e. a significant amount of probes is
situated on so-called ‘random’ sites, which contribute with an isotropic emission yield. These
‘random’ sites correspond to positions low crystallographic symmetry or with very
disordered or amorphous surroundin S ~

The fraction of In at substitutional*Si sites (Ssi) and the rms displacements as a function of
implantation temperature arw ig. 4. As can be seen, with increasing implantation
temperature the substitutional fraction of In grows moderately from 60% at RT to 72% at

800 °C, while at the

me time the rms displacements become significantly smaller. As a

reference, the th

shown by the {éshe
is larger a.n)the ibration amplitude ui1(Si), showing that In atoms are not perfectly
i

al/vib ion amplitude u1(Si) of Si in SiC as function of temperature is

inesdn Fig. 4(a). In the RT implanted state the rms displacement of '**In
incorporat Ssi sites. Implanting at 600 °C the In displacements decrease to approximately
the value of u1(S1) at that temperature, which indicates the incorporation of In into the perfect

substitutio 1 site, although with fractions still below 100%.

)
)

\ <
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Experiment Best fit RT Experiment Best fit 600 °C

1 -3 -2

<100>

g 162
1.52
1.42
1.31
1.21

1.1

302 0 1
- Y/

~ emissipn channeling patterns in the vicinity of <100>, <110>, <111> and <211>
600 °C (i)-(1) implantation into 3C-SiC. The plots (e)-(h) and (m)-(p) are the
corresponding best fifs of thieoretical patterns considering only substitutional In sites but with rms displacements
u; according tog 4(a at in some cases the crystal was oriented during the experiment in such a way
that the recorded.pa s included areas which were further than 3° away from a major crystallographic direction.

am simulations were restricted to an angular range of +3° from the axes, the corresponding
Spatterns (f), (m), (o) and (p) beyond this range are shown in white.

In the IAVin
llterax staking into account also general features of ion implantation and defect annealing

!

e discuss our findings in relation to previous results on In implantations from

in implantation results in the creation of defects, the accumulation of which can
ultin&tely induce amorphization. However, detrimental dopant-defect interactions already
e at low levels of damage and are usually considered as the reason why the implanted
dopants are not electrically active after the implantation process: the electrical activation of ion
implanted dopants requires both their incorporation on the proper lattice sites, i.e. usually

substitutional sites, plus the removal of electrically compensating defects resulting from the
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implantation damage. While SiC presents high radiation hardness due to its high bond-strength,
this also means that lattice damage produced by the ion implantation process needs very high
annealing temperatures, usually above 1500 °C, in order to recover and to activate the
implanted dopants [1, 2, 4, 5, 24]. While in Si, Ge or GaAs technology it is common to
purposely amorphize the implanted region and epitaxially regrow it during annealing, this
approach is not feasible in SiC due to the considerable difficulty g oving all defects.
Instead, the approach is to minimize the impact of damage alr dy):i%nplantation by
keeping implanted fluences as low as possible, using low mass lants or raising the
implantation temperature [4]. The damage density above hlc&hﬁalline structure turns
amorphous, is often expressed by the number of displacements emper host atom (dpa). For
SiC at RT this threshold is crossed if implanted ions _have Sreated ~0.45 dpa [25] which
corresponds to ~4x 1022 vacancies/cm? (the SiC atdmic densityds 9.65x10?? atoms/cm?3). SRIM
simulations [21] indicate that initially around 40%;8}&& as well as a similar number of
C vacancies and corresponding interstitials are created per implanted 50 keV In atom. The In
fluence accumulated during the RT anal si%mple was only 4x10'? cm2 corresponding
to an In peak concentration of 2.4x O“%%om which one estimates 0.02 dpa, well below
the RT amorphization threshold. S ~

On the basis of ab initio calcul , Miyata et al. predicted that In impurities prefer to

substitute on silicon rather tha Msites in 4H-SiC [15], which is clearly confirmed by our

orting on direct lattice location of In in SiC is the work of Hart et al

emission channeling experiments, though for 3C-SiC. The only previous study that could be
found in the literature %

[16], which was

keV In ions uence
was used a??ss the.damage situation and possible lattice sites of In. For RT implantation at

ences, the implanted layer was found to be completely amorphous, while our studies

5 lower fluence revealed a still largely intact SiC lattice with already ~60%

sébstitutional In for RT implantation. Ref. [16] also showed that following implantation of
A&‘Sﬂ”\crs 2 at 450 °C and annealing at 1200 °C, ~90% of In atoms were aligned with <100>
and é)l 10> directions in 3C-SiC, and ~95% with the c-axis in 6H-SiC after 350 °C implantation

of Tx10'" cm=2 and 1200 °C annealing. However, since the backscattering yield from In was

-
only measured in random directions and fully aligned with the <100> and <110> in 3C and
[0001] in 6H, it could not be distinguished whether the In atoms are aligned with rows of Si or

C atoms, hence whether they prefer substitutional Si or C sites. Sublattice location would have
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required the measurement of full angular scans, as was performed by [14] for the case of Ga.
In contrast, since the emission channeling method measures complete two-dimensional angular
patterns around the major crystallographic directions, we were able to unambiguously establish
the preference of In for substitutional Si sites. The maximum substitutional fraction that we

achieved following implantation at 800 °C, though, was 72%, :21 below the 90-95%
mentioned in Ref. [16] after 1200 °C annealing, showing that so wtaﬁon damage
remained in our sample 3

References [26-28] studied the formation and stability of de complexes formed by RT
implantation of the radioactive isotope !'!In in 3C-, 4H- a 61;;&1@ Perturbed Angular
Correlation (PAC) spectroscopy. Although the implantgd.fluenges are not specifically given,
the fact that in Ref. [26] '''In peak concentrations of 10'® ¢ rds are mentioned for 350 keV
implantation, allows one to estimate that the fluengces shoul ve been around 1.3x10'* cm2,
thus in the RT as-implanted state the 1mplz§ﬂ%e& should have been amorphized.
Correspondingly, no '''In was found in cubic oundings in the as-implanted state in 3C-SiC,
but a fraction of 30% was achieved on K:Xwas annealed at 1300 °C. While the In in
cubic surroundings was assigned to substl ional Si sites, definite proof could not be given
since also substitutional C and both hh&dral interstitial sites are characterized by cubic
surroundings in 3C-SiC. For I be atoms in 4H- and 6H-SiC up to five different defect
configurations were identiﬁé&,\ever, only 1-2 of them were assigned to resulting from

simple lattice electrical-field gradients on substitutional Si sites. Following annealing at

Ta=700 °C, 9% of !!

robelatoms in 4H-SiC were found in the assumed Ss; configuration,
which increased £0 1726 following annealing at 7a=1500 °C; in 6H-SiC the corresponding
values were 22/ for 706 °C and ~19% for 7a=1100 °C. Thus, the possible substitutional In
fractions bh(bly lower than in our low-fluence study but also lower than in Ref. [16]
that used h 6'i}planta‘tion. Above Ta~1000 °C the authors also reported the appearance of PAC
signals that werctassigned to In-Vc complexes with C vacancies, however, this temperature

range was net within reach of our on-line emission channeling experiment.

)

-

)

\ <
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FIG 4. (a) One-dimensionally projected isgtropic displacements perpendicular to the channeling axes, from
the fits as a function of implantation temper: Mhe dashed line corresponds to the thermal vibration amplitude
u1(S1) of Si in SiC, calculated for a Debye temperature 7p(Si)=692 K [22]. Note that, assuming the Debye
temperature of In on Si sites scales Wi% T(*®Si)[28/124]2=329 K, would lead to values for u1('?*In)
that are only minimally lower tha I% 10506 A vs 0.0548 A at RT and even less at higher temperatures.
The corresponding curve is not shown'since 1 would be indistinguishable from the one for Si. Panel (b): Fitted

fractions of '**In emitter atoms on substitutional Si sites as a function of the implantation temperature, averaged
from the four measured cgystallographic directions with the error bars representing the spread in fitted fractions.

Although a
1200 °C, to

considerable partiof the implantation-induced damage in SiC can be removed at
Qj’ ve T
1500 °C is equ')red, asgyas already mentioned. Even in this case post-implant annealing alone may

(éable electrical activation annealing at temperatures in excess of

of: the electrical activity of nitrogen donors in SiC has been investigated by Aberg et al [29].

“Lh
irrad?ytion with MeV ions of H, He, B and Al, but that the effect can be considerably reduced

ound that in n-type SiC free electron concentrations are severely depleted following the

S at irradiation temperatures above 600 °C. For the doping of SiC by means of ion implantation

.-y
of N, P, Al or B, implantation temperatures around 400-600 °C followed by post-implant
annealing at 1500-1700 °C are usually chosen [4, 24]. Our study shows that in the case of In a

11
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particular effect of hot implantation is to reduce the defects in the immediate neighbourhood
of In and thus directly improve its incorporation on ideal Si sites.

To date, no report about the experimental measurement of the In acceptor ionization energy
has been made. In the ab initio calculation study by Miyata et al. [15] the acceptor ionization
energy of In in 4H-SiC was predicted as Ea(Siz)~150 meV and Ea(Six)~260 meV. As a comparison,
the Al ionization energy in 3C-SiC, at the substitutional Si site, is Ea(Si)=2544n [30], and in 4H-SiC
is Ea(Sin)=197.9 meV and Ea(Sik)=201.3 meV [31]. The values calculate myata et al. are
similar to the ones experimentally obtained for Al, which impliesithat Tn can be an option as a
shallow acceptor to Al if one considers only the ioniz on}nerg values. However, the
reported In solubility (9.5x10'® cm™ at 2500 °C) is 4-5 etde o?rr?agnitude lower than the
solubility of Al (2x10?' cm™) [32], which should undo tedlyﬁimit the applicability of In as
an electrical dopant. On the other hand, since @t [16] has already reported successful
substitutional In incorporation of >10?° ¢cm™ b}“qglq_c?ion implantation, solubility might

actually not be a limiting factor either.

Finally, it will be interesting to comparct&%lt experiment on '24In in 3C-SiC to previous

lattice location results for the same elément insthe group IV semiconductors diamond and silicon.

located at substitutional Si sites

Concerning In implanted Si, Li\<r: h 133] reported 55-60% of 1™n and ''“Mn probes
d

after RT implantation at fluences of 10! cm=2. Upon

annealing at 427 °C an increa N% in the channeling yield was observed and attributed

to the rearrangements of In.atoms and removal of radiation damage inside the Si lattice. Alves
et al. [34] complemen ]&t%]revious low-fluence emission channeling work with RBS/C
lattice location iesfof In fmplanted into Si at high fluence. Following RT implantation of
10" cm™ In/ i

epitaxial gr%'th at'$50 °C they reported an In fraction of 50% located at substitutional Si

implanted region was found to be amorphous, but upon annealing and

sites. Stibsequent annealing at higher temperatures resulted in decrease of substitutional In,

a{ att},ibuted to the formation of In precipitates. Concerning In in diamond, both

. [35] and Quintel er al. [36] reported strong conversion electron emission

“ehanneling effects corresponding to !''In probes located at substitutional C sites after annealing

in th§ temperature range 1000 °C-1200 °C with fractions reaching a maximum of 45%. '''In

w Rr\o es located at interstitial sites were also considered by both authors, but estimated below

10%. Bharuth-Ram et al. [37] reached similar results, reporting an '''In fraction of 32% on
substitutional C sites, however, in this case after annealing at 1200 °C they also identified a

fraction of 10% of In on tetrahedral interstitial sites. The emission channeling lattice location

12
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Publi shing experiments of In in Si [33] as well as the ones on In in diamond from Refs. [35-37] did not
use position-sensitive detection of emitted electrons, measuring only one-dimensional angular
scans of the electron yield which provide less information. The only study that used complete
two-dimensional patterns for lattice location of '''In in diamond is the one of Doyle et al [38].
Following RT implantation and annealing at 1100 °C they identified 22-31% on ideal
substitutional sites, however, the major fraction of 45-59% was assig:

K%gosition that is
displaced by ~0.45 A from the S to the bond-center sites, which wés interpretéd as In inside a

complex involving a double vacancy. The exact lattice location digtribution of implanted In in
diamond thus remains controversial. In our measuremen ®3C— iC we checked for the
occupancy of all of these non-substitutional sites, the outecome, olwer, was negative.

SiC, Si and diamond will all suffer amorphization Gf the %amage produced by the ion
implantation process surpasses the damage density threshold=As was already mentioned, for
SiC at RT this threshold is crossed if implanh%n}s lgfe created ~4x10%? vacancies/cm?

[ -
*) [25]; for diamond the critical damage

(~0.45 dpa at an atomic density of 9.65x IOZZW
level is found to be only ~10?? vacanci s/cin\\\i dpa at 1.76x10?* atoms/cm?) [39]; for Si
3 % 2 dpa at 4.99x10?? atoms/cm?®) can be found in

the literature [40]. An approximate estiinate ‘of the maximum concentrations of vacancies/cm?
from the implantation energies a&t\ n

values from ~10%1-10%2 vacancies/c

plantation fluence range used in the EC studies on
diamond [35-38] and Si [ \yields ~10%! vacancies/cm® and 3x10!° vacancies/cm?,
respectively, in compa is«a%lyO21 cancies/cm? for our present SiC experiment. In all cases,

can be probed using emission channeling have allowed performing

the very low fluences

cascades in the related damage levels. For instance, the formation of so-called “amorphous

)

“pockets” has often been proposed upon the implantation of heavy ions such as In [6, 40].
Qiﬁsyion channeling can here provide additional insight since each implanted radioactive

w probe is located directly inside the collision cascade which it created during its implantation.
.

The fact that emission channeling effects due to substitutional In could already be measured in

the RT as-implanted state in Si, SiC and diamond, therefore proves that in the case of isolated

13
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Publishing collision cascades a significant fraction of In probe atoms are not located in totally amorphous

pockets.

IV. Conclusions

As described in this work, the lattice location of In ions implafited in 3C-SiC was
experimentally determined. Our results confirm theoretical predietions suggesting that In
ka for the occupation of
ed. The fits of the

atoms are most stable on substitutional Si sites [15]. While we ¢

positions other than substitutional Si, no such sites could be“iden
experimental patterns after RT ion implantation assign 60( %‘)f _‘.[‘}_13‘ implanted In dopants to
Ssi sites with rms displacements of 0.16-0.20 A, a valu¢*that is_higher than expected from
thermal vibrations only. Since a considerable amoun:c“ 0 acanbes and interstitials are created
during the implantation process, the extra displac%nt is)most likely caused by the presence
of defects that remain in the vicinity of the In atoms:‘Implantation at 600 °C promotes
substitutional In with rms values similar to the thermal vibration amplitude u1(Si) of the Si
atoms in the host lattice, confirming thwgiquubl\ional incorporation of In at ideal Si sites. For
800 °C implantation, an increase in the substifutional In fraction to 72(8)% was observed. The
increase in the In substitutional actio)dh particular the promotion of the location of In to
ideal Ssisites in the temperat reg%io °C-600 °C are a clear indication of the recovery of
the host lattice. For the RT im \ntaﬁqns the accumulated fluence stayed below 4x10'? cm=2,
a regime that is still ch rae&%.zed by isolated collision cascades. Our results, hence, show, that

if amorphous pockets

~40% of the In 1 sh6uld/ be located inside them.
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